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ABSTRACT
Supernova remnants (SNRs) offer the means to study supernovae (SNe) long after the original
explosion and can provide a unique insight into the mechanism that governs these energetic events. In
this work, we examine the X-ray morphologies of different elements from oxygen to iron found in the
youngest known core-collapse (CC) SNR in the Milky Way, Cassiopeia A. The heaviest elements exhibit
the highest levels of asymmetry, which we relate to the burning process that created the elements and
their proximity to the center of explosion. Our findings support recent model predictions that the
material closest to the source of explosion will reflect the asymmetries inherent to the SN mechanism.
Additionally, we find that the heaviest elements are moving more directly opposed to the neutron star
(NS) than the lighter elements. This result is consistent with NS kicks arising from ejecta asymmetries.
Keywords: ISM: supernova remnants – methods: data analysis – stars: neutron – supernovae: indi-
vidual (Cassiopeia A) – techniques: imaging spectroscopy – X-rays: ISM
1. INTRODUCTION
In the past decade, 3D simulations of core-collapse su-
pernovae (CCSNe) have improved dramatically. These
simulations primarily make use of the neutrino-driven
mechanism, a mechanism where neutrinos emitted from
the proto-neutron star and its surface accretion layer are
absorbed to revive the shock and power the explosion
(Mezzacappa 2005; Janka 2012; Burrows et al. 2012).
Although this mechanism was first proposed more than
five decades ago (Colgate & White 1966), it is only in re-
cent years that neutrino-driven CCSNe simulations have
begun to successfully explode (for reviews, see Janka
et al. 2016; Mu¨ller 2016). As computer processing power
has advanced, astronomers have been able to include
additional physics into their 3D models, such as pre-
collapse perturbations (Couch & Ott 2013; Couch et al.
2015; Mu¨ller & Janka 2015; Mu¨ller et al. 2016, 2017a;
Mu¨ller 2016), rotation (Kuroda et al. 2014; Nakamura
et al. 2015; Takiwaki et al. 2016; Summa et al. 2018),
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magnetic fields (Winteler et al. 2012; Mo¨sta et al. 2014),
neutrino heating (Melson et al. 2015; Bollig et al. 2017),
and neutrino scattering opacity (Horowitz et al. 2017;
Bollig et al. 2017; Melson et al. 2015).
These 3D models predict properties of the explosions
and newly-formed compact objects, e.g. the distribution
of SN energies (Mu¨ller et al. 2017a, 2018), black hole for-
mation rates and spin (Chan et al. 2018), possible super-
novae light-curves (Utrobin et al. 2017), nucleosynthetic
yields (Curtis et al. 2019), explosion-generated ejecta
asymmetries (Wongwathanarat et al. 2013; Summa et al.
2018; Janka et al. 2017) and NS kick velocities (Wong-
wathanarat et al. 2013; Janka 2017; Gessner & Janka
2018; Mu¨ller et al. 2018). These parameters can be com-
pared directly to observational constraints, such as neu-
tron star birth masses (O¨zel & Freire 2016; Antoniadis
et al. 2016; Tauris et al. 2017), neutron star kick speeds
and directions (Hobbs et al. 2005; Faucher-Gigue`re &
Kaspi 2006; Ng & Romani 2007), and SN explosion ener-
gies, nickel masses, and ejecta profiles (e.g., Lopez et al.
2009b; Hwang & Laming 2012; Poznanski 2013; Pejcha
& Prieto 2015; Mu¨ller et al. 2017b; Sato & Hughes 2017).
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Supernova remnants (SNRs) are a useful sample for
comparison to simulation predictions. The heavy ele-
ments synthesized in the explosions as well as NSs are
observable in young SNRs of ages . 104 years (see re-
views by Weisskopf & Hughes 2006 and Vink 2012). As
the ejecta expands into the interstellar medium (ISM),
the reverse shock heats the ejecta to ∼ 107 K tempera-
tures, producing X-rays that can be detected with mod-
ern X-ray facilities, such as the Chandra X-ray Obser-
vatory.
Wongwathanarat et al. (2013) and Janka (2017) have
predicted that elements in CCSNe are ejected anisotrop-
ically as a result of asymmetric explosion mechanisms,
with heavier elements (e.g., Ca, Ti, Fe) exhibiting more
asymmetric profiles than lighter elements (e.g., O, Ne,
Mg). In addition, simulations indicate that the bulk mo-
tion of heavier elements may be oriented in a direction
opposite to the NS kick velocity, consistent with conser-
vation of momentum between ejecta and the NS (Wong-
wathanarat et al. 2013; Janka 2017; Gessner & Janka
2018; Mu¨ller et al. 2018). Recently, Holland-Ashford
et al. (2017) and Katsuda et al. (2018) showed that NSs
are preferentially kicked in a direction opposite to the
bulk of ejecta in several young Galactic SNRs. However,
to date, no studies have compared the relative asymme-
tries of different elements in individual SNRs and how
those asymmetries relate to the NS motion.
Cassiopeia A (Cas A hereafter) is a prime target for
comparison to current CCSNe simulations as it is the
youngest known CC SNR in the Milky Way (≈350 years
old; Thorstensen et al. 2001). Cas A’s X-ray emission is
dominated by the ejecta metals, and its proximity (with
a distance of 3.4 kpc; Fesen et al. 2006) enables investi-
gation of the distribution of metals on small (sub-parsec)
scales. Optical observations have shown that Cas A is
an O-rich SNR (e.g., Chevalier & Kirshner 1978), and
light echoes from the explosion reveal that Cas A was
produced by an asymmetric Type IIb SN with varia-
tions in ejecta velocities of ≈4000 km s−1 (Rest et al.
2011). Cas A was the target of Chandra’s first light im-
age (Hughes et al. 2000), and since then, Chandra has
observed the SNR for ∼3 Ms. Prominent features of
Cas A are its distinct, fast-moving ejecta knots (Fesen
et al. 2006; DeLaney et al. 2010; Milisavljevic & Fesen
2015) which span from the center of the SNR to be-
yond the forward shock (Hughes et al. 2000; Hwang &
Laming 2003), thin synchrotron filaments around its pe-
riphery (Gotthelf et al. 2001; Vink & Laming 2003), a
NS (Tananbaum 1999), and bright X-ray emission from
intermediate-mass and heavy elements (Mg, Si, S, Ca,
Ar, Ti, and Fe; Vink et al. 1996; Hwang & Laming 2012).
Recent simulations (Orlando et al. 2016; Janka et al.
2017; Wongwathanarat et al. 2017) have aimed to re-
produce the observed characteristics of Cas A, such as
the jet (e.g., Fesen & Milisavljevic 2016), the heavy ele-
ment abundances and spatial distribution (e.g., Hwang
& Laming 2012; Grefenstette et al. 2017), and the NS
kick velocity (e.g., Thorstensen et al. 2001).
Using the deep Chandra data from Cas A, Hwang &
Laming (2012) divided the remnant into ∼6000 boxes
and fit the spectra in each region to construct maps of
the element abundances, emission measures, and plasma
ionization state across the SNR. By assuming that the
elements expanded homologously from the explosion
site, they used each element’s center-of-mass to calculate
the bulk velocity of each metal. They found that oxygen
has a velocity that most closely matched the velocity
of the entire remnant’s center-of-mass (moving north-
northeast with a velocity ∼750 km s−1), while Si, S, and
Ar had more extreme velocities (∼1000 km s−1) toward
the east. Fe produced by complete Si-burning had a low
(∼650 km s−1) velocity toward the north-east, whereas
Fe from α-rich freeze-out (about one fourth of the to-
tal Fe) had the most extreme velocity (∼2000 km s−1)
towards the east without any motion to the north or
south (Hwang & Laming 2012). Their bulk Fe veloc-
ity is within 90 degrees of the NS direction of motion,
in contrast with simulation predictions that heavy ele-
ments should move opposite to the NS kick (e.g., Wong-
wathanarat et al. 2013; Janka 2017).
In this paper, we use the available Chandra and NuS-
TAR observations of Cas A to measure the asymmetries
of elements heavier than carbon and compare the re-
sults to the predictions from recent SN simulations. In
Section 2, we describe the observations analyzed in this
study. In Section 3, we outline the methods used to
measure the X-ray morphology and the details of the
spectral analysis performed. In Section 4, we present
our results. Section 5 summarizes our conclusions and
outlines possible future work.
2. DATA AND SPECTRAL ANALYSIS
For our analysis, we use 15 archival Chandra X-ray
observations of Cas A (see Table 1) from the Advanced
CCD Imaging Spectrometer (ACIS), totaling ∼1.3 Ms
of exposure time, with ∼3×108 counts in the full (0.5–
8.0 keV) band. Cas A, with a diameter of ≈6′, fits on
the ACIS-S3 chip. Although more data were available
(Cas A has been observed for a total of ∼3 Ms), we
found that spectra had sufficient signal-to-noise in the 15
longest ACIS observations to fit the spectra. Inclusion
of the shorter ACIS observations dramatically increased
the computation time to fit spectra, and thus we opted
to limit our analysis to the observations in Table 1.
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Table 1. Chandra
Observations
ObsID Exposure
(ks)
1952 50
4634 148
4635 138
4636 150
4637 170
4638 170
4639 80
5196 50
5319 40
5320 54
10936 31
14229 50
14480 50
14481 50
14482 50
To study the distribution of Ti, we used the 4.6 Ms
background-subtracted 65–70 keV image of Cas A taken
with NuSTAR (Grefenstette et al. 2014, 2017), which
is dominated by the radioactive decay line of 44Ti at
67.87 keV. Using the spatially-resolved spectral fits to
the 44Ti line and non-thermal continuum reported in
Table 2 of Grefenstette et al. (2017), we estimate that
the 44Ti line produces 80–100% of the flux in the 65.0–
70.0 keV band. Thus, the 65–70 keV morphology mostly
reflects the distribution of the radioactive Ti in the SNR.
Our goal is to measure the morphologies of metals
synthesized in the explosion. Although narrow-band im-
ages can be produced by filtering to the energy ranges
that correspond to prominent X-ray emission lines (see
Table 2), the resulting images would include the con-
tinuum emission (bremsstrahlung and synchrotron) in
those bandpasses. Thus, we aim to remove the contin-
uum emission by performing a spatially-resolved spec-
tral analysis. Specifically, we divide the SNR into 2517
regions, model each region’s spectra, and subtract the
continuum emission in each region from the narrow-band
images. As we do not expect the continuum to be a dom-
inant contributor at the energies of the Ti line, we do
not make continuum-subtracted images for our NuSTAR
observation.
2.1. Narrow-Band Images
To produce the narrow-band images corresponding to
emission lines from each element (see Table 2 for en-
ergy ranges), we used the Chandra Interactive Anal-
ysis of Observations (ciao) Version 4.7 and ftools
(Blackburn 1995). Specifically, we produced exposure-
corrected, merged Chandra images from the 15 obser-
vations using the ciao command merge obs. To remove
the NS from the resulting image, we used the ciao com-
mand wavdetect to define a region around the source,
and then used the command dmfilth to replace this re-
gion with values interpolated from surrounding regions.
2.2. Spectral Grid
For our spatially-resolved spectral analysis, we first
split the remnant into small boxes, of sizes 5′′×5′′,
10′′×10′′, or 20′′×20′′(see Figure 1). The smallest boxes
were used for regions inside the SNR’s contact disconti-
nuity, within 130′′ of the SNR’s center (Gotthelf et al.
2001; Bleeker et al. 2001), where signal was sufficient to
model the spectra robustly. The 10′′×10′′ boxes spanned
between the contact discontinuity and the forward shock
(at ∼160′′), and the 20′′×20′′ boxes were employed at
larger radii. For the regions around the northeast jet,
we aligned the boxes manually to match its profile.
Following this procedure, we extracted spectra from
2517 regions from all 15 Chandra observations (see Ta-
ble 1), binning to 20 counts per bin and subtracting the
background obtained from a region outside of the SNR.
We note that in certain locations, the data has suffi-
cient counts in regions of 2.5′′×2.5′′ or smaller. However,
upon examination, we found that no significant changes
in best-fit parameters occurred between the spectra from
the 2.5′′×2.5′′ versus the 5′′×5′′ regions. Thus, to keep
the analysis manageable, we chose to adopt 5′′×5′′ re-
gions as the smallest box size.
2.3. Spectral Fitting
We simultaneously fit the 15 spectra from each re-
gion using XSPEC Version 12.9.0 (Arnaud 1996) with
AtomDB1 3.0.7 (Smith et al. 2001; Foster et al. 2012).
In a first pass through the data, we modeled every spec-
trum as an absorbed (phabs) thermal, non-equilibrium
ionization (NEI) plasma (vpshock) plus a power-law
component (with the photon-index fixed to 2.5 to
model the synchrotron emission). We let the ioniza-
tion timescale of the vpshock component vary up to
1012 cm−3 s, which would reflect a plasma in collisional
ionization equilibrium (CIE, Smith & Hughes 2010).
Past work has demonstrated that the plasma in Cas A
is in a NEI state (Hwang & Laming 2012; Ruther-
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Figure 1. Left: the full-band image of Cas A with an overlay of the regions analyzed. Right: a sample fit spectra with a strong
Fe-K feature, taken from the bright, eastern region of Cas A. In this specific example, a two-component model was used a the
single-component model did not capture the Fe line.
ford et al. 2013), consistent with our best-fit ionization
timescales. As nearly all of the regions analyzed are
ejecta-dominated, we assumed oxygen is the primary
source of the thermal continuum (Vink et al. 1996;
Laming & Hwang 2003; Hwang & Laming 2003, 2012).
Thus, we adopted an oxygen abundance of 1 relative to
solar and allowed the heavier elements (Mg, Si, S, Ar,
Ca, Fe, Ni) to vary freely, assuming solar abundances
from Anders & Grevesse (1989).
We fit the spectra, initially allowing only the column
density NH, temperature kT , ionization timescale, and
normalization to vary. Subsequently, we thawed the el-
emental abundances and refit. Finally, to account for
the Doppler shifts of the expanding ejecta, we allowed
the redshift to vary and refit once more. This procedure
was chosen after performing tests on spectra of differ-
ent signal-to-noise levels and spectral shapes, and we
found that it was the most successful at producing ac-
curate spectral fits that did not get stuck in χ2 local
minima. After these steps, if a region’s fit yielded a
high reduced chi-squared (&4) or if the model did not
account sufficiently for the Fe K line, we added a second
vpshock component with a greater plasma temperature.
For this second component, we found that allowing the
temperature and Fe abundance to vary (with all other
abundances set to solar) best reproduced the spectrum
without adding too many free parameters.
In Figure 1 we plot an example of the best-fit, two
vpshock + power-law model used to reproduce the emis-
sion from a region on the eastern side of the SNR.
We note that Hwang & Laming (2012) also found that
a model with two thermal components (vpshock+NEI)
was needed to accurately fit the Fe K lines in many re-
gions. They adopted a single ionization timescale (of 8
× 1011 cm−3 s) and temperature (1.95 keV) to match
the values of the most enriched Fe ejecta spectra from
Hwang & Laming (2003), while we allowed these param-
eters to vary. We get similar results to those of Hwang
& Laming (2003), and in Section 4.3, we present a more
detailed comparison between our results.
2.4. Continuum-Subtracted Images
To produce continuum-subtracted images, we modeled
just the thermal+non-thermal continuum in each region
as well. For this step, we used the AtomDB NoLine2
model (apecnoline) to model the thermal continuum us-
ing the same NH, kT , normalization, and redshift values
calculated for the vpshock+power-law model. We used
the same normalization and photon-index for the non-
thermal component. We then derived the fraction of
emission arising from the corresponding element’s emis-
sion line, Felem, given by
Felem = 1− continuum flux
total flux
(1)
where the continuum flux (from the apecnoline+power-
law fit) and total flux (from the vpshock+power-law fit)
are measured within the associated element’s band-
pass (see Table 2). Prior to producing the continuum-
subtracted images, we smoothed the derived Felem by
taking the average of all adjacent regions. This gave
us seven fits files, one for each element (O, Mg, Si, S,
2 http://www.atomdb.org/noline.php
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Figure 2. Continuum-subtracted element maps of Cas A. The green star is the explosion site (Thorstensen et al. 2001), the
white ‘X’ is the full-band (0.5–8.0 keV) center-of-emission, and the blue circle is the center-of-emission for the element displayed.
The white scale bar at the bottom-left of each image is 2′ in length. See Grefenstette et al. (2017) for the narrow-band Ti image
we used.
Ar, Ca, Fe), with pixel values equal to the smoothed
percentage of emission from the given element (Felem).
We then multiplied the narrow-band images by these
fits files to get the continuum-subtracted images shown
in Figure 2.
2.5. Titanium Data
In addition to the Chandra images, we also analyzed
the 4.6 Ms NuSTAR 44Ti (65–70 keV) image of Cas A,
as presented in Grefenstette et al. (2014, 2017). We did
not perform spatially-resolved continuum subtraction on
this narrow-band image; as noted in Section 2, we esti-
mate that 80–100% of the flux in this band is from the
radioactive decay line based on fits to the non-thermal
continuum presented in Grefenstette et al. (2015).
3. METHODS
We use the power-ratio method (PRM), a multipole
expansion technique, to analyze the distribution of ele-
ments in Cas A. This method was employed previously
to characterize the X-ray morphology of galaxy clusters
(Buote & Tsai 1995, 1996; Jeltema et al. 2005) and was
adapted by Lopez et al. (2009a) for use on SNRs (e.g.,
Lopez et al. 2009b, 2011; Peters et al. 2013; Holland-
Ashford et al. 2017; Stafford et al. 2018). Using the
PRM, we calculate the powers Pm of the expansion,
which are derived by integrating the magnitude of the
m-th term over a circle of radius R. Then we divide the
powers Pm by the zeroeth order term P0 to normalize
with respect to flux. For a more detailed/mathematical
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Table 2. Metals and X-ray Lines
Element Line(s) Bandpass Burning NS Anglec
(keV)a Processb (degrees)
O VII 0.55–0.75 He 147
Mg XI, XII 1.25–1.60 C 141
Si XIII, XIV 1.70–2.25 O, xO 140
S XV 2.25–2.95 O, xO 148
Ar XVII 3.00–3.25 O, xO 172
Ca XIX 3.80–4.00 O, xO 174
Fe XXV 6.35–6.90 xSi 166
Ti decayd 65–70 xSi 160
aBandpasses were selected by visual inspection of lines in
multiple of our spectra.
bThe primary burning process that creates each element. An
“x” in front of an element signifies explosive burning of that
element.
cAngle between the NS direction of motion and each ele-
ment’s center-of-emission.
d44Ti radioactively decays into 44Sc, which then further de-
cays into 44Ca, to produce the 67.87 keV line (Chen et al.
2011).
description of this method and its application to SNRs,
see Lopez et al. (2009a).
We adopt the center-of-emission of each element’s im-
age (a proxy for the center-of-mass) as the origin of the
multipole expansion for that element (marked as white
‘X’s in Figure 2). In this case, the dipole power-ratio
P1/P0 approaches zero, whereas the higher-order mo-
ments give details about successively smaller-scale asym-
metries. P2/P0 is the quadrupole power-ratio and quan-
tifies the ellipticity/elongation of an extended source.
P3/P0 is the octupole power-ratio and is a measure of
mirror asymmetry.
We performed this analysis on both the narrow-band
and the continuum-subtracted images to investigate how
closely the less-accurate, but simpler, narrow-band re-
sults matched the continuum-subtracted images. For
the narrow-band images, uncertainties in the power-
ratios are estimated via the Monte Carlo process de-
scribed in Lopez et al. (2009a). The program Adaptive-
Bin (Sanders & Fabian 2016) is used to bin the SNR into
sections of equal total photon counts. Then, the counts
in each bin are replaced by a number taken randomly
from a Poisson distribution, with the mean equaling the
original number of counts.
For the continuum-subtracted Chandra images (Fig-
ure 2), uncertainties in the power-ratios are estimated
via a different Monte Carlo process. Each element’s frac-
tional contribution to the observed flux Felem (values of
0 to 1) has an associated error. This error is greater for
weaker emission lines since the fractional contribution
of noise is more. We performed a linear extrapolation
(python’s spline) on the median of binned errors taken
from Felem values from 1000 random boxes to create
a function that, given a value of Felem, would output
the typical error on that measurement. Similar to the
above Monte Carlo method, we then replaced each re-
gion’s flux fraction with a number taken randomly from
a truncated normal distribution, with the mean equal-
ing the original fractional value and the error estimated
from the described linear extrapolation.
For analysis on both the narrow-band and continuum-
subtracted images, the process was repeated 100 times
to create 100 mock images of each element. We then
measured the power-ratios of the 100 images and took
the mean of those values as the derived power-ratios
plotted in Figure 3. We adopt the sixteenth-highest and
-lowest values as the confidence limits, chosen to match
the 1-σ range of a Gaussian distribution.
4. RESULTS
Figure 3 shows the quadrupole power-ratio P2/P0 ver-
sus the octupole power-ratio P3/P0 for the metals using
the center-of-emission of each element as the origin of
the multipole expansions. We find a strong correlation
for the continuum-subtracted images: the distributions
of heavier elements are more elliptical and are more
mirror asymmetric (Fig. 3, left panel). Compared to
the continuum-subtracted image analysis, the narrow-
band image analysis shows argon and calcium to be less
asymmetric than silicon and sulfur (Fig. 3, right panel).
Additionally, the narrow-band image analysis indicates
lower levels of asymmetry compared to the continuum-
subtracted results for all of the elements except oxygen.
The lower power-ratios in the narrow-band images likely
occurs because they include the continuum, which is pri-
marily bremsstrahlung emission from oxygen (Chevalier
& Kirshner 1978), which exhibits a symmetric profile.
Thus, in the Cas A images, the continuum subtraction
was necessary to distinguish the relative symmetry of
the intermediate-mass elements.
4.1. Elemental Distributions
In Figure 3, we group the elements by the burning
processes that produced them. Oxygen and magnesium
are mostly formed prior to the explosion, through hydro-
static core burning of helium and carbon, respectively
(Woosley et al. 2002; Curtis et al. 2019). At the on-
set of the explosion, these elements are mixed together
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Figure 3. The quadrupole power-ratios P2/P0 versus the octupole power-ratios P3/P0 using the continuum-subtracted images
(left) and the narrow-band images (right). The elements are color-coded by the main burning process that creates them. The
44Ti data points on both panels are from analysis on the narrow-band Ti image. The “Reverse Shock-Heated” Ti data point
represents the analysis of the image where all Ti flux interior the reverse shock has been set to zero, to better compare the
radioactive Ti emission with the emission from the other reverse shock-heated elements (see Section 4).
in an outer convective shell. During the explosion, the
innermost section of the oxygen-magnesium-neon shell
experiences explosive burning that produces the higher-
mass elements (Woosley et al. 2002; Curtis et al. 2019).
The remaining O and Mg–located far away from the
explosion center–should exhibit the most symmetric,
post-explosion distributions compared to the heavier el-
ements. We find that the O in Cas A has significantly
lower levels of asymmetry than heavier elements (such
as Si, Ar, and Fe). By comparison, Mg has an asym-
metry level distinct from O and is closer to those of
intermediate-mass elements formed largely through ex-
plosive burning (e.g., Si). We find that Fe exhibits the
highest levels of ellipticity and mirror asymmetry. Our
results are broadly consistent with the relative element
asymmetries from 3D SN simulations (Wongwathanarat
et al. 2013; Janka 2017; Mu¨ller et al. 2018), where O
is the most symmetrically distributed, Mg is marginally
affected by asymmetries, and heavier elements (partic-
ularly Fe) are the most asymmetric.
Titanium, an element also formed primarily through
explosive silicon burning (Woosley et al. 2002; Curtis
et al. 2019), is predicted to have similar levels of asym-
metry as Fe in neutrino-driven explosions (Wongwatha-
narat et al. 2017). To test this hypothesis, we measured
the power-ratios of the 44Ti in the narrow-band NuS-
TAR image and plot the results in Figure 3. While the
mirror asymmetry of the Ti is comparable to that of
Fe, the ellipticity of the Ti is extremely low. The Ti
emission is from radioactive decay, whereas the other
elements’ line emission is from collisional de-excitation
following heating by the reverse shock. As the reverse
shock has not fully propagated to the interior of Cas A
(Gotthelf et al. 2001; DeLaney et al. 2010), the ejecta in
the SNR center is not hot enough to produce X-ray emis-
sion, and thus the elements’ symmetry measured from
the soft X-ray lines may not reflect the true distribution
of those metals.
To better compare the Ti distribution to that of the
reverse shock-heated metals, we re-ran the symmetry
analysis on a Ti image where the detected emission in-
terior to the revere shock was set to zero. We find that
the resulting elliptical asymmetry of Ti increases by a
factor of two, whereas the mirror asymmetry decreases
by ∼30%, suggesting that the Ti distribution is more
consistent with the other elements. We note that ≈40%
of the detected Ti in Cas A is interior to the reverse
shock (Grefenstette et al. 2017), so we caution that this
approach ignores a large fraction of the Ti.
The four elements clumped near the center of the
power-ratio plot–Si, S, Ar, Ca–are all formed by a mix
of hydrostatic and explosive oxygen burning (Woosley
et al. 2002; Curtis et al. 2019). The combination of these
two processes, which should result in low and high lev-
els of asymmetry respectively, is likely why the elements
have intermediate values of the power-ratios in Figure 3.
These metals likely have similar degrees of asymmetry
as each other because they are formed through the same
burning processes.
4.2. Comparison of NS Kicks to Ejecta Distributions
We also investigate how the element asymmetries com-
pare to the NS kick direction (see Figure 4). Based on
the angle between the centers-of-emission for each el-
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Figure 4. An image marking the centers-of-emission for each element (green Xs), the full band (0.5–8.0 keV; white X), the
explosion site (red circle), and the current location of the neutron star (cyan circle). The vector from the explosion site to
the NS indicates the NS’s direction of motion. The vector from the explosion site to full-band center-of-emission indicates the
direction of motion of the bulk of ejecta, a ∼155◦ angle from the NS direction.
ement and the NS position with respect to the explo-
sion site, the heavier elements (Ar, Ca, Ti, and Fe) are
more directly opposed to the NS direction of motion
than the lighter elements (O, Mg, Si, and S; see Ta-
ble 2). These results are consistent with recent work by
Holland-Ashford et al. (2017) and Katsuda et al. (2018)
which showed that NSs are preferentially moving in a
direction opposed to the bulk of ejecta in several young
SNRs, as expected if the NS kick arises from conser-
vation of momentum with the ejecta (Wongwathanarat
et al. 2013; Mu¨ller 2016; Bruenn et al. 2016; Janka 2017).
Recent SN simulations have shown that the “gravi-
tational tug-boat mechanism” (Wongwathanarat et al.
2013; Janka 2017) can account for the observed NS ve-
locities of hundreds of km s−1 (Lyne & Lorimer 1994;
Arzoumanian et al. 2002; Hobbs et al. 2005; Faucher-
Gigue`re & Kaspi 2006). In these models, hydrodynam-
ical instabilities in the SN lead to asymmetric mass
ejection, accelerating the NS in a direction opposed to
the bulk of ejecta by the gravitational forces of the
close, slower moving ejecta “clumps” (Scheck et al. 2006;
Wongwathanarat et al. 2013; Janka 2017). Simulations
by Wongwathanarat et al. (2013) revealed that such
gravitational forces from anisotropic ejecta can gener-
ate NS recoil velocities of >700 km s−1, and 2D models
by Scheck et al. (2006) have achieved NS velocities ex-
ceeding 1000km−1. In this scenario, heavier elements
(e.g., Ar, Ca, Ti, Fe) are expelled in a direction oppo-
site to the NS kick, while the lower-mass elements (e.g.,
O, Mg, Si, S) show a weaker correlation (Wongwatha-
narat et al. 2013; Janka 2017). Our results support these
predictions, as we find the highest mass elements (Ar,
Ca, Ti, Fe) are moving more directly opposed to the NS
motion than the intermediate-mass elements.
4.3. Comparison to Hwang & Laming 2012
Our element maps and general N-NE bulk motion of
oxygen, silicon, and sulfur are consistent with the results
of the Hwang & Laming (2012) study on element distri-
butions in Cas A. However, Hwang & Laming (2012)
report a NW velocity for magnesium, whereas we find
that magnesium has a N-NE velocity similar to that
of oxygen, silicon, and sulfur. Furthermore, Hwang &
Laming (2012) show a N-NE velocity for argon, while
we find that argon (and calcium) is primarily ejected
in the N-NW direction, opposed to the NS motion. Our
results for Fe are especially distinct from Hwang & Lam-
ing (2012): we find that the bulk Fe is nearly directly
north of the explosion site, making an angle of ∼ 160◦
with respect to the NS direction of motion. By contrast,
Hwang & Laming (2012) find that the bulk Fe (from ei-
ther explosive silicon burning or from α-rich freezeout)
is moving at an angle perpendicular to the NS’s motion.
Consequently, the disparate results of Hwang & Lam-
ing (2012) for Mg, Ar, and Fe are inconsistent with the
predictions associated with the gravitational tug-boat
mechanism.
We attribute our differing results from Hwang & Lam-
ing (2012) to the spectral models we employed and to
the assumptions necessary to determine element distri-
butions. Our element maps in Figure 2 reflect the total
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emission line flux detected by Chandra, which is repre-
sentative of the amount of the metals and their temper-
atures. Hwang & Laming (2012) report the abundances
relative to solar, which gives a number density associ-
ated with each element that can be used to derive their
emission measures. The latter requires some assump-
tions (e.g., the electron density and the filling factor;
see Hwang & Laming 2012 for a full discussion), intro-
ducing uncertainties in the calculations.
An additional distinction between our spectral models
and those of Hwang & Laming (2012) is that we include
a non-thermal component in all of our regions, whereas
Hwang & Laming (2012) did not. While most regions
of Cas A are dominated by thermal emission, others
(such as in the west) have significant non-thermal con-
tributions to the flux (Helder & Vink 2008; Uchiyama &
Aharonian 2008). We confirm that the non-thermal flux
in the western rim is >50% of the total flux, resulting
in significantly lower emission line fluxes in those loca-
tions. Thus, the maps of Hwang & Laming (2012) in
that vicinity may be affected by not including a non-
thermal component in their spectral models.
5. CONCLUSION
We have investigated the asymmetries of several ele-
ments in Cas A using X-ray images. We showed that the
heaviest elements (Ti, Fe) have more asymmetric mor-
phologies than lighter elements (Mg, Si, S, Ar, Ca), with
O the most symmetrically distributed of the elements
considered. These results are consistent with predic-
tions from recent, high-fidelity 3D simulations of SN ex-
plosions (Wongwathanarat et al. 2013; Janka 2017). We
show that, although the general trend of a linear corre-
lation between elliptical and mirror asymmetry is found
using both the continuum-subtracted and the narrow-
band images, analysis using continuum-subtracted im-
ages is necessary to distinguish the relative asymmetries
of elements formed by the same burning process.
Though the Ti is as mirror asymmetric as Fe, the ellip-
ticity is quite low and does not follow the trends found
with the other elements. We attribute this difference to
the fact that the hard X-rays from Ti are produced via
radioactive decay, whereas the emission from the other
elements requires reverse shock-heating. Thus, the ra-
dioactive Ti is more centrally concentrated since the re-
verse shock has not propagated to the SNR interior yet.
Furthermore, we show that the NS kick is most di-
rectly opposed to the distribution of the bulk of the
heaviest elements, consistent with NS kicks arising from
the gravitational tug-boat mechanism (Wongwatha-
narat et al. 2013; Janka 2017).
In the future, application of this analysis to other CC
SNRs would be beneficial. A systematic study of ele-
ment asymmetries in many CC SNRs would reveal the
element asymmetries and show the effects that explo-
sion properties (e.g., ejecta mass, explosion energy) have
on the metal distributions. This analysis can also be
performed on Type Ia SNRs (e.g., Tycho, Kepler, or
G1.9+0.3) to explore chemical mixing and predictions
from different ignition (see e.g., Badenes et al. 2006) and
progenitor scenarios (e.g., single- vs double-degenerate).
We thank the members of the supernova group in
the astronomy department at The Ohio State Univer-
sity, especially Dr. Tuguldur Sukhbold, for their helpful
discussions and feedback. We also thank Dr. Brian
Grefenstette for sharing the NuSTAR data and for use-
ful discussions. L.A.L. acknowledges support from the
Sophie and Tycho Brahe Visiting Professorship at the
Niels Bohr Institute. This work was supported through
NSF Astronomy & Astrophysics Grant AST–1517021
This research made use of the Chandra data analysis
software (CIAO) and XSPEC Version 12.9.0.
REFERENCES
Anders, E., & Grevesse, N. 1989, GeoCoA, 53, 197
Antoniadis, J., Tauris, T. M., Ozel, F., et al. 2016, arXiv
e-prints, arXiv:1605.01665
Arnaud, K. A. 1996, in Astronomical Society of the Pacific
Conference Series, Vol. 101, Astronomical Data Analysis
Software and Systems V, ed. G. H. Jacoby & J. Barnes,
17
Arzoumanian, Z., Chernoff, D. F., & Cordes, J. M. 2002,
ApJ, 568, 289
Badenes, C., Borkowski, K. J., Hughes, J. P., Hwang, U., &
Bravo, E. 2006, ApJ, 645, 1373
Blackburn, J. K. 1995, in Astronomical Society of the
Pacific Conference Series, Vol. 77, Astronomical Data
Analysis Software and Systems IV, ed. R. A. Shaw, H. E.
Payne, & J. J. E. Hayes, 367
Bleeker, J. A. M., Willingale, R., van der Heyden, K., et al.
2001, A&A, 365, L225
Bollig, R., Janka, H.-T., Lohs, A., et al. 2017, Physical
Review Letters, 119, 242702
Bruenn, S. W., Lentz, E. J., Hix, W. R., et al. 2016, ApJ,
818, 123
Buote, D. A., & Tsai, J. C. 1995, ApJ, 452, 522
10 Holland-Ashford et. al.
—. 1996, ApJ, 458, 27
Burrows, A., Dolence, J. C., & Murphy, J. W. 2012, ApJ,
759, 5
Chan, C., Mu¨ller, B., Heger, A., Pakmor, R., & Springel, V.
2018, ApJL, 852, L19
Chen, J., Singh, B., & Cameron, J. A. 2011, Nuclear Data
Sheets, 112, 2357
Chevalier, R. A., & Kirshner, R. P. 1978, ApJ, 219, 931
Colgate, S. A., & White, R. H. 1966, ApJ, 143, 626
Couch, S. M., Chatzopoulos, E., Arnett, W. D., & Timmes,
F. X. 2015, ApJL, 808, L21
Couch, S. M., & Ott, C. D. 2013, ApJL, 778, L7
Curtis, S., Ebinger, K., Fro¨hlich, C., et al. 2019, ApJ, 870, 2
DeLaney, T., Rudnick, L., Stage, M. D., et al. 2010, ApJ,
725, 2038
Faucher-Gigue`re, C.-A., & Kaspi, V. M. 2006, ApJ, 643, 332
Fesen, R. A., & Milisavljevic, D. 2016, ApJ, 818, 17
Fesen, R. A., Hammell, M. C., Morse, J., et al. 2006, ApJ,
645, 283
Foster, A. R., Ji, L., Smith, R. K., & Brickhouse, N. S.
2012, ApJ, 756, 128
Gessner, A., & Janka, H.-T. 2018, ApJ, 865, 61
Gotthelf, E. V., Koralesky, B., Rudnick, L., et al. 2001,
ApJL, 552, L39
Grefenstette, B. W., Harrison, F. A., Boggs, S. E., et al.
2014, Nature, 506, 339
Grefenstette, B. W., Reynolds, S. P., Harrison, F. A., et al.
2015, ApJ, 802, 15
Grefenstette, B. W., Fryer, C. L., Harrison, F. A., et al.
2017, ApJ, 834, 19
Helder, E. A., & Vink, J. 2008, ApJ, 686, 1094
Hobbs, G., Lorimer, D. R., Lyne, A. G., & Kramer, M.
2005, MNRAS, 360, 974
Holland-Ashford, T., Lopez, L. A., Auchettl, K., Temim,
T., & Ramirez-Ruiz, E. 2017, ApJ, 844, 84
Horowitz, C. J., Caballero, O. L., Lin, Z., O’Connor, E., &
Schwenk, A. 2017, PhRvC, 95, 025801
Hughes, J. P., Rakowski, C. E., Burrows, D. N., & Slane,
P. O. 2000, ApJL, 528, L109
Hwang, U., & Laming, J. M. 2003, ApJ, 597, 362
—. 2012, ApJ, 746, 130
Janka, H.-T. 2012, Annual Review of Nuclear and Particle
Science, 62, 407
—. 2017, ApJ, 837, 84
Janka, H.-T., Gabler, M., & Wongwathanarat, A. 2017, in
IAU Symposium, Vol. 331, Supernova 1987A:30 years
later - Cosmic Rays and Nuclei from Supernovae and
their Aftermaths, ed. A. Marcowith, M. Renaud,
G. Dubner, A. Ray, & A. Bykov, 148–156
Janka, H.-T., Melson, T., & Summa, A. 2016, Annual
Review of Nuclear and Particle Science, 66, 341
Jeltema, T. E., Canizares, C. R., Bautz, M. W., & Buote,
D. A. 2005, ApJ, 624, 606
Katsuda, S., Morii, M., Janka, H.-T., et al. 2018, ApJ, 856,
18
Kuroda, T., Takiwaki, T., & Kotake, K. 2014, PhRvD, 89,
044011
Laming, J. M., & Hwang, U. 2003, ApJ, 597, 347
Lopez, L. A., Ramirez-Ruiz, E., Badenes, C., et al. 2009b,
ApJL, 706, L106
Lopez, L. A., Ramirez-Ruiz, E., Huppenkothen, D.,
Badenes, C., & Pooley, D. A. 2011, ApJ, 732, 114
Lopez, L. A., Ramirez-Ruiz, E., Pooley, D. A., & Jeltema,
T. E. 2009a, ApJ, 691, 875
Lyne, A. G., & Lorimer, D. R. 1994, Nature, 369, 127
Melson, T., Janka, H.-T., Bollig, R., et al. 2015, ApJL, 808,
L42
Mezzacappa, A. 2005, Annual Review of Nuclear and
Particle Science, 55, 467
Milisavljevic, D., & Fesen, R. A. 2015, Science, 347, 526
Mo¨sta, P., Richers, S., Ott, C. D., et al. 2014, ApJL, 785,
L29
Mu¨ller, B. 2016, Publications of the Astronomical Society
of Australia, 33, e048
Mu¨ller, B., & Janka, H.-T. 2015, MNRAS, 448, 2141
Mu¨ller, B., Melson, T., Heger, A., & Janka, H.-T. 2017a,
MNRAS, 472, 491
Mu¨ller, B., Viallet, M., Heger, A., & Janka, H.-T. 2016,
ApJ, 833, 124
Mu¨ller, B., Tauris, T. M., Heger, A., et al. 2018, ArXiv
e-prints, arXiv:1811.05483
Mu¨ller, T., Prieto, J. L., Pejcha, O., & Clocchiatti, A.
2017b, ApJ, 841, 127
Nakamura, K., Takiwaki, T., Kuroda, T., & Kotake, K.
2015, PASJ, 67, 107
Ng, C.-Y., & Romani, R. W. 2007, ApJ, 660, 1357
Orlando, S., Miceli, M., Pumo, M. L., & Bocchino, F. 2016,
ApJ, 822, 22
O¨zel, F., & Freire, P. 2016, ARA&A, 54, 401
Pejcha, O., & Prieto, J. L. 2015, ApJ, 806, 225
Peters, C. L., Lopez, L. A., Ramirez-Ruiz, E., Stassun,
K. G., & Figueroa-Feliciano, E. 2013, ApJL, 771, L38
Poznanski, D. 2013, MNRAS, 436, 3224
Rest, A., Foley, R. J., Sinnott, B., et al. 2011, ApJ, 732, 3
Rutherford, J., Dewey, D., Figueroa-Feliciano, E., et al.
2013, ApJ, 769, 64
Sanders, J. S., & Fabian, A. C. 2016, AdaptiveBin:
Adaptive Binning, Astrophysics Source Code Library,
ascl:1609.024
Cas A Element Asymmetries 11
Sato, T., & Hughes, J. P. 2017, ApJ, 845, 167
Scheck, L., Kifonidis, K., Janka, H.-T., & Mu¨ller, E. 2006,
A&A, 457, 963
Smith, R. K., Brickhouse, N. S., Liedahl, D. A., &
Raymond, J. C. 2001, ApJL, 556, L91
Smith, R. K., & Hughes, J. P. 2010, ApJ, 718, 583
Stafford, J. N., Lopez, L. A., Auchettl, K., &
Holland-Ashford, T. 2018, arXiv e-prints,
arXiv:1808.08234
Summa, A., Janka, H.-T., Melson, T., & Marek, A. 2018,
ApJ, 852, 28
Takiwaki, T., Kotake, K., & Suwa, Y. 2016, MNRAS, 461,
L112
Tananbaum, H. 1999, IAUC, 7246
Tauris, T. M., Kramer, M., Freire, P. C. C., et al. 2017,
ApJ, 846, 170
Thorstensen, J. R., Fesen, R. A., & van den Bergh, S. 2001,
AJ, 122, 297
Uchiyama, Y., & Aharonian, F. A. 2008, ApJL, 677, L105
Utrobin, V. P., Wongwathanarat, A., Janka, H.-T., &
Mu¨ller, E. 2017, ApJ, 846, 37
Vink, J. 2012, A&A Rv, 20, 49
Vink, J., Kaastra, J. S., & Bleeker, J. A. M. 1996, A&A,
307, L41
Vink, J., & Laming, J. M. 2003, ApJ, 584, 758
Weisskopf, M. C., & Hughes, J. P. 2006, Six Years of
Chandra Observations of Supernova Remnants, ed. J. W.
Mason, 55
Winteler, C., Ka¨ppeli, R., Perego, A., et al. 2012, ApJL,
750, L22
Wongwathanarat, A., Janka, H.-T., & Mu¨ller, E. 2013,
A&A, 552, A126
Wongwathanarat, A., Janka, H.-T., Mu¨ller, E., Pllumbi, E.,
& Wanajo, S. 2017, ApJ, 842, 13
Woosley, S. E., Heger, A., & Weaver, T. A. 2002, Reviews
of Modern Physics, 74, 1015
